The effect of hydrostatic confining pressure on compressive strength of crystalline rocks is investigated in some detail on the basis of the available published experimental data.
Introduction
The understanding of the process of failure of rocks under pressure or combined stress is of fundamental interest to geologists and geophysicists who
It is well known that the compressive failure strength of rocks increases greatly as transverse or confining pressure is increased (VON KARMAN, 1911; BOKER, 1915; GRIGGS, 1936; GRIGGS et al., 1951 and 1954; ROBERTSON, 1955; HANDIN and HAGER, 1957; HEARD, 1960; MOGI, 1971a and b; others) . Various failure criteria have been proposed to explain the effect of pressure or combined stress on the compressive strength of rocks (cf., GRIFFITH, 1924; NADAI, 1950; BRACE, 1960; MCCLINTOCK and WALSH, 1962; MOGI, 1966a MOGI, , 1967 MOGI, and 1972 . It is widely accepted that the most important factor to explain the high compressive strength of rocks under confining pressure relative to the compressive strength at atmospheric pressure is friction acting on the crack surfaces. The physical process of fracture originates in highly localized regions of rock where inherent defects in the microstructure or defects produced in the course of deformation, lead to localized intensities of stresses so high that some of the existing defects are converted into cracks. In certain rock types, cracks themselves are inherent in the structure.
GRIFFITH (1924) postulated that brittle materials fail due to the presence of small, randomly oriented cracks, and developed the theory of failure under pressure on the basis of a few assumptions. Although this theory predicts an increase in strength with increased pressure, this increase is not nearly as great as that observed in many experiments (see Fig. 1b ). In his theory, it was assumed that no forces were carried across the crack surfaces. MCCLINTOCK and WALSH (1962) developed the idea that it is possible for the pre-existing cracks to close, after which they will begin to carry normal and shear stresses due to friction, and modified the Griffith theory. The modified Griffith theory, which is mathematically identical with the Coulomb's internal friction criterion if contact of crack surfaces begins at negligible stress, roughly explains the effect of confining pressure on compressive strength of rock (MCCLINTOCK and WALSH, 1962) .
For a further detailed explanation of the effect of pressure on the compressive strength of rocks, it becomes necessary to study its nature in detail, particularly in relation to the material properties of rocks at the submicroscopic or macroscopic level of mineral aggregation, and to understand the effect quantitatively. The purpose of this paper is to investigate the effect of hydrostatic confining pressure on the compressive strength of rocks in some detail from the above viewpoint on the basis of the available published experimental data, and to point out that the effect depends upon certain rock properties.
Data Selected for Study
There is a large amount of data available on the strength properties of rocks under pressure. These data can be of significant value if properly interpreted and applied. Of the published data on the compressive strength of rocks under hydrostatic confining pressure, only those concerning crystalline rocks with low porosity under room temperature were selected for study, where we confined ourselves to the use of only the test results leading to brittle failure for silicate rocks. In this paper we considered brittle if the strength was lost suddenly at failure and if the breaking strength corresponded with ultimate strength (In almost all cases, the total strain before fracture was, or was estimated to be, less than 4% for silicate rocks.). For carbonate rocks, which easily undergo permanent deformation without fracture, it was difficult to collect only the available data on strength within the brittle region. For this reason we could not confine ourselves to the use of only the test results leading to brittle failure. We used the data for these rocks on ultimate strength within 7.5% of the total strain before fracture. For discussion purposes it should be kept in mind that the term "strength" for carbonate rocks is used in a different sense from the sense used for silicate rocks because the ultimate strength does not agree with the breaking strength for carbonate rocks. When numerical values of strength were not given in an original paper, the values for strength were read from the published figures after magnification. The data used in this study are summarized in Table 1 , in which the uniaxial compressive strength C0, density, porosity, mineral grain size, such experimental conditions as strain rate, shape and size of a test specimen are also listed. Modal analyses are shown in Table 3 .
Effect of Hydrostatic Confining Pressure on Compressive Strength of Crystalline Rocks

Relation between pressure and compressive strength
It is not easy in general to understand the quantitative effect of confining pressure on the compressive strength of various rock types on the basis of the available published data, because there are so many influencing factors and the interaction of these factors makes the strength characteristics of rocks complicated. The strength of rocks is affected sensitively not only by environmental conditions (such as pressure, temperature and strain rate), but by material and structural characteristics (such as mineral composition, grain size, grain boundary segregation of rare particles, pre-existing microcracks and pores), and by shape and size of a test specimen. The data adopted for the compressive strength of silicate crystalline rocks and carbonate rocks under confining pressure are plotted in Figs. 1a and 2a, respectively. It is obvious from these figures that the pressure dependence of compressive strength of rocks is very great, as having been pointed out by many investigators since VON KARMAN (1911) , but the results are widely scattered even for each rock type. This scatter is based on three different origins; (1) experimental errors, (2) the scatter inherent in brittle materials (Fracture phenomena lack reproducibility because the microstructure of real materials is not homogeneous and because fracture initiation is a highly localized phenomenon. Then, results of tests of nominally identical specimens under nominally identical conditions are scattered. This scatter is uncontrollable and is considered as an integral part of the fracture phenomena.), and (3) the scatters due to both the difference in the Relation between compressive strength and confining pressure. All the data adopted on strength of silicate crystalline rocks under pressure are plotted. mineral composition, texture and structure at the macroscopic level among rocks, and the difference in such experimental conditions as strain rate, shape and size of a test specimen among authors. If we normalize both the strength and the confining pressure by dividing them by the uniaxial compressive strength for each test result,* the scatters due to (3) can be partially reduced. The results are shown in Figs. 1b and 2b , in which the scatter is made much smaller for each rock type. It was found, as shown in Figs. 1b and 2b , that the pressure * BRACE HOEK (1965) used the same method for the strength data on rocks in the triaxial compression tests and discussed the applicability of the current fracture criteria. Relation between compressive strength and confining pressure. The same data shown in Fig. 1a are plotted, where both strength and pressure are normalized to the uniaxial compressive strength C0.
dependence of the compressive strength of rocks is held constant, in spite of different origins, for the same type of rock, and that there is no appreciable difference in the effect of confining pressure on the compressive strength both among diorite, diabase and peridotite and among carbonate rocks. This suggests that the effect of confining pressure on the compressive strength of rocks is not so much related to such textural or structural characteristics of rock as mineral grain size, grain boundary segregation of rare particles and others, but related to such a physical property characterizing each rock type as bulk hardness.
This is important to understand the effect quantitatively.
What functional relationship between compressive strength and pressure holds for rock failure? MOGI (1966b) examined the strength data for a wide variety of rocks and found empirically that the compressive strength at failure (1) structural characteristics as mineral composition, grain size, grain boundary segregation of rare particles, pre-existing cracks and pores among rocks, but upon the difference in experimental conditions such as strain rate, the shape and size of a test specimen. If we use the following expression in place of formula (1),
then K is a constant which is related only to such a physical property characterizing each rock type as bulk hardness. Formula (2) is convenient to grasp the effect of confining pressure on the compressive strength quantitatively (3) We term n the exponent of pressure dependence and K the coefficient of pressure dependence. In Fig. 3 , (C/C0-1) is plotted in logarithmic coordinates, as a function of p/C0 for various types of rock used in this study. The values of K and n for each rock type or group are listed in Table 2 . K and n values for various types of rock range from 2.2 to 8.6 and from 0.5 to 1, respectively. Using these values, the curves shown in Fig. 1b were calculated from formula (2). Both K and n are constants for the same type of rock, even if origins of rock are different. Then, once the values of K and n for each rock type are determined, we can evaluate the compressive strength of a rock at any confining pressure only by knowing the uniaxial compressive strength of the rock. This is useful from the practical viewpoint. When p=C0, formula (2) is reduced to (4) This shows that K is the relative increase in the compressive strength when the confining pressure increases from 0 to C0. Since there is not much difference in n among various rock types, K is taken approximately as a measure indicating the effect of confining pressure on the compressive strength. Fig. 4 . Relation between the Vickers microhardness and the Mohs hardness (after YOUNG and MILLMAN (1964) and BOWIE (1967) ). Figure 1b suggests that the harder a rock specimen, the greater the effect of pressure on the compressive strength of the rock. In order to examine this quantitatively, we estimate the bulk hardness of rock.
Hardness of minerals has been given many definitions, and it is difficult to define it in precise terms because of the number of different physical properties which it embraces. One method of estimating hardness of minerals is that of scratch hardness as proposed by MOHS (1824). The Mobs scale is the relative scale of hardness, and this system is still used by mineralogists today in hand-specimen examination. Another method is to apply a steady load with an indenter and to calculate the hardness from the area or depth of the impression produced. This method determines the absolute numbers of microhardness. The micro-indentation hardness values have been obtained by several authors (e.g., TAYLOR, 1949; TABOR, 1954; YOUNG and MILLMAN, 1964; BOWIE, 1967) for the minerals selected by Mohs for his standards of hardness, and the empirical relation between the Mohs hardness and the indentation hardness is plotted in Fig. 4 ; this is useful in evaluating the order of microhardness of minerals from published Mohs values.
We define the bulk hardness Mm for a crystalline rock which contains k minerals of different hardness, by (5) where Mi is the hardness of a rock-forming mineral and wi the mineral composition. Based on the hardness of the rock-forming minerals, the hardness of rock is easily estimated from (5). The values obtained from (5) can be successfully used as a measure of hardness of rock for nonporous, crystalline rocks, when mineral grain size is small compared with the size of a rock specimen. In this paper we calculated Mm in Mohs scale for rocks and then evaluated the order of the Vickers microhardness Hv, in kg/mmmm2, on the basis of the empirical relation between Mm and Hv shown in Fig. 4 . The bulk hardness estimated for the various rocks is shown in Table 3 . We obtained the average hardness values of Mm=7.0 or Hv=1200 for quartzite, Mm=6.3 or Hv=860 for granite, Mm=5.8 or Hv=700 for diorite, diabase and peridotite, 3.3 Relation between the coefficient of pressure dependence and the hardness of rock In Fig. 5 , the reciprocal of the coefficient of pressure dependence is plotted against the bulk hardness of rock. It is clearly seen from the figure that the harder a rock, the greater is the effect of confining pressure on the compressive 
Discussion
We found in the previous section that the harder a rock, the greater is the effect of confining pressure on the compressive strength of the rock. Then, the theory which explains the effect of pressure on compressive strength must also explain the above fact without any contradiction. The Griffith theory is inapplicable also in this respect. ROSENGREN and JAEGER (1968) made triaxial compression tests on marble with grain boundaries disintegrated by heating and compared the results with those of the original marble. They found that a small amount of confining pressure varies the strength of the disintegrated marble rapidly and that the strength finally increases to over 80% of that of the original marble. This result suggests that the larger the number of cracks pre-existing in rocks, the higher is the pressure sensitivity of strength at low confining pressure. On the basis of the above suggestion, MOGI (1972) gave one possible explanation for the high-pressure sensitivity of the strength for such rocks as granite and quartzite at low confining pressure. If this interpretation is correct, the present result obtained above leads to the conclusion that the harder a rock, the more microcracks there must be pre-existing in the rock, and that the numbers and states of crack pre-existing in rock must be statistically same, in spite of different origins, for the same rock type. At present these conclusions are not confirmed for silicate crystalline rocks of various origins, though Mogi's interpretation seems to be promising.
Another important factor for explaining the high compressive strength of rocks under confining pressure relative to the compressive strength at atmospheric pressure is friction acting on the crack surfaces. In order to investigate the applicability of the modified Griffith theory to the compressive strength under pressure, it is indispensable to know whether the frictional coefficient of rocks depends upon confining pressure or normal stress across the crack surfaces or not, and whether the frictional coefficient differs or not among various rock types, in relation to the hardness of each type of rock. To clarify this problem, we have performed systematic detailed experiments on the frictional characteristics of rocks. We wish to discuss the applicability of the modified Griffith theory (or the Coulomb's criterion) on the basis of our experimental results at a later date, when the details of the experimental procedure and results of the frictional characterisics of rocks will be published. 
